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Laser cooling and trapping with ultrafast pulses
D. Kielpinski
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Massachusetts Institute of Technology, Cambridge MA 02139
We propose a new laser cooling method for atomic species whose level structure makes traditional
laser cooling difficult. For instance, laser cooling of hydrogen requires vacuum-ultraviolet laser light,
while multielectron atoms need laser light at many widely separated frequencies. These restrictions
can be eased by laser cooling on two-photon transitions with ultrafast pulse trains. Laser cooling of
hydrogen, antihydrogen, and carbon appears feasible, and extension of the technique to molecules
may be possible.
Laser cooling and trapping are central to modern
atomic physics. The low temperatures and long trapping
times now routinely achieved by these means have led
to great advances in precision spectroscopy and cold
collision studies, and provide a suitable starting point
for evaporative cooling to Bose-Einstein condensation.
However, laser cooling is restricted to less than 20
atomic species, mostly the alkali and alkali-earth metals
and the metastable states of noble gases [1].
Two obstacles impede the further extension of laser
cooling techniques. First, the lowest energy transitions of
many atoms, notably hydrogen, lie in the deep UV. Not
enough laser power is available in this spectral region to
drive effective laser cooling. Second, the complex level
structure of many atoms (and all molecules) permits
decay of an excited electron into a number of metastable
levels widely separated in energy. Each metastable decay
channel must typically be repumped by a separate laser,
so the laser system becomes unwieldy.
These obstacles prevent laser cooling of several inter-
esting atomic species. For instance, efficient laser cooling
of hydrogen (H), deuterium (D), and antihydrogen (H )
would offer impressive gains in atomic spectroscopy,
but has remained elusive owing to the lack of power
available at the required UV wavelengths. Improved
spectroscopy of the 1S – 2S two-photon transition at 243
nm is the most obvious payoff. This transition plays a
unique role in metrology. Measurements of its frequency
in H are accurate at the 10−14 level [2] and assist in
determining the value of the Rydberg constant [3]. The
isotope shift of the 1S – 2S transition between H and
D gives the most accurately determined value of the D
structure radius, tightly constraining nuclear structure
calculations [4]. Possibly the most exciting application
is a comparison between H and H 1S – 2S frequencies,
using the low-energy H recently produced at CERN
[5, 6]. Such comparisons can test CPT symmetry to
unprecedented accuracy, probing physics beyond the
Standard Model [7, 8]. The H 1S – 2S measurement is
currently limited by the ∼ 6 K temperature of the H
beam and can be improved by two orders of magnitude
with colder atoms [2], e.g. in an atomic fountain [9]. The
H formation temperature in the CERN experiments is
likely to be of the same order, limiting the corresponding
H measurement.
Cooling of H below a few K currently requires direct
contact with superfluid helium [10, 11]. This method
clearly fails for H . Attempts to cool D in this way
have not been successful [12], probably because the
adsorption energy and recombination rate for D at
the liquid helium surface are much higher than for H
[13]. Even for H it is cumbersome, requiring a dilution
refrigerator and a superconducting magnetic trap, which
severely restrict optical access. Current proposals for
laser cooling H, D, and H involve generation of Lyman
α (121 nm) light for excitation of the 1S – 2P transition.
The small amount of light available means that cooling
is extremely slow, on the timescale of minutes in the
only experiment reported so far [14].
Atoms with several valence electrons, like carbon, are
difficult to laser-cool because of the many widely sepa-
rated frequencies required for repumping atomic dark
states. Spectroscopy on ultracold carbon vapor would
greatly improve understanding of chemical bonding
between carbon atoms at long range, similar to studies
already performed for most alkalis (see [15] for a recent
review). Since carbon has such a rich chemistry, this
kind of information can potentially impact many fields,
from biology to astrophysics. Extending techniques for
photoassociative assembly of alkali dimers [16] might
lead to the controlled generation of small carbon clusters,
which exhibit complex structure even for a few atoms
[17, 18]. The ultracold environment of the clusters may
support metastable atomic configurations that are not
observable even in supersonic expansions.
We propose a scheme for laser cooling and trapping
2that attacks both obstacles, using pulse trains from
ultrafast lasers. The high peak powers of ultrafast pulses
enable efficient nonlinear optics far into the UV, greatly
increasing the time-averaged optical power available
at short wavelengths. At the same time, the many
frequencies generated in short pulses can perform the
function of repumping lasers, reducing the complexity
of laser systems for cooling atoms with multiple va-
lence electrons and possibly allowing laser cooling of
molecules. Because of their high peak powers, ultrafast
pulses are especially effective for driving two-photon
transitions.
Laser cooling requires velocity-selective scattering to
compress the atomic velocity distribution. A mode-
locked pulse train can have high spectral resolution,
sufficient to resolve atomic transitions at their nat-
ural linewidth [19, 20, 21]. The spectrum of such a
pulse train is a comb of sharp lines with frequencies
νk = νcar + kνrep, where k is an integer, νcar is the
optical carrier frequency, and νrep is the pulse repetition
rate. If the repetition rate is larger than the atomic
linewidth, the atom interacts with only one comb line
at a time, so the spectral resolution is just that of
a continuous-wave (CW) laser of similar frequency
stability. Multiphoton transitions can be resolved in
the same way. A broadband source cannot achieve
the velocity-selective scattering needed for cooling, so
“white-light” cooling schemes require an additional CW
source near each atomic resonance [22, 23, 24], a difficult
requirement in the cases we will consider.
In most laser-cooling schemes, each scattering event
changes the atomic momentum by one recoil momen-
tum, so the utility of laser cooling depends critically on
the scattering rate. We now estimate the efficiencies of
CW and pulsed cooling on multiphoton transitions. Con-
sider a k-photon transition involving only one interme-
diate atomic state with linewidth Γi and saturation in-
tensity Isat, detuned by ∆ from the laser frequency with
∆ ≫ Γi. The k-photon Rabi frequency Ω
CW
k for a CW
laser of intensity I is then given by [25]
ΩCWk = 2ηRWAΓi
(
I
2Isat
)k/2 (
Γi
2pi∆
)k−1
(1)
where ηRWA is a constant that accounts for deviations
from the rotating-wave approximation at the laser fre-
quency. We can most easily estimate the scattering rate
for pulsed excitation in the frequency domain. The spec-
trum of a train of transform-limited sinc2 pulses with
duty cycle ηd ≪ 1 is a series of N ≈ 1/ηd sharp lines
with equal intensities and zero relative phase. For a k-
photon transition, there are ≈ Nk−1 pathways from the
ground to excited state, which all add up coherently. On
the other hand, the intensity of each comb line is just
I/N for a time-averaged light intensity of I, so the Rabi
frequencies in the two cases are related as
Ωpulsek (I) = N
k/2−1 ΩCWk (I) (2)
In general, a given laser will produce approximately
the same time-averaged power whether it is operated
CW or pulsed, so Eq. (2) predicts that either CW or
pulsed operation will drive a two-photon transition
at the same rate. Pulsed excitation can be much
more efficient for k > 2, since typically N & 103 for
solid-state mode-locked lasers. Since the light shift is a
second-order process, a pulsed optical dipole trap has
the same properties as a CW dipole trap of the same
average intensity. However, the resonant scattering rate
for a single-photon transition under pulsed excitation is
a factor N smaller than the CW scattering rate, since
only one comb line drives the transition.
The high spectral resolution of ultrafast pulse trains
and their relatively efficient excitation of two-photon
transitions suggest that one can use pulse trains to
perform laser cooling on two-photon transitions if
single-photon cooling is not feasible. In one scenario, the
lowest dipole-allowed transition of the atom to be cooled
lies at a wavelength . 170 nm, but there is a two-photon
transition at & 170 nm. Continuous-wave light with
MHz bandwidth at . 170 nm can usually be generated
only by four-wave mixing in atomic vapor [26]. This
method is highly technically challenging and yields only
tens of nW of radiation. On the other hand, frequency
doubling of mode-locked Ti:sapphire laser light can
reach near-unit efficiency from infrared to visible [27]
and from visible to UV [28], so average powers on the
order of 1 W should be achievable for wavelengths & 170
nm. The huge increase in excitation power can make
up for the relative difficulty of exciting a two-photon
transition.
Pulsed laser cooling on the 1S – 2S two-photon
transition at 243 nm is a good prospect for cooling H,
D, and H to Doppler-limited temperatures of a few mK.
The relevant energy levels are shown in Fig. 1. Although
the 2S state is metastable, one can avoid saturating the
transition by quenching the 2S state with an applied
electric field [29]. The effective linewidth Γ2S can be
as large as 50 MHz. For weak excitation with CW 243
nm light under maximum quenching, the scattering rate
at resonance is R2 = 2.8 × 10
−7 I2 Hz W−2 cm4 [30].
3quench2S
1S
2P1/2
243 nm
243 nm
121 nm
Lyman α
ionized
243 nm
FIG. 1: Energy level diagram for hydrogen cooling. The 243
nm light excites the atoms to the 2S state, which is quenched
by a static electric field to the 2P state. The atoms reradiate
on the 1S–2P transition at 121 nm. While in the 2S state, an
atom can be photoionized by a single 243 nm photon.
Since ηRWA in Eq. 1 varies slowly with frequency, the
equivalence ΩCW2 = Ω
pulse
2 remains valid as long as the
pulse bandwidth is much less than the optical carrier
frequency.
The upper limit to the usable intensity comes from
one-photon ionization of the 2S state. The photoioniza-
tion rate, RPI = 11.4 I Hz W
−1 cm2 [30], is the same
for pulsed and CW excitation; since the final state is
a continuum with slowly varying matrix element, all
comb lines contribute equally. If an atom undergoes Nγ
scattering events in cooling, we require RPI/Γ2S ≪ Nγ
to avoid photoionization, so the maximum quenching is
indeed desirable. A single scattering event changes the
velocity of an H atom by 3.25 m/s, so about half the H
atoms in a 6 K gas are cooled to the Doppler limit after
100 scattering events. If 90% of the atoms are allowed
to photoionize, the desired intensity is ∼ 100 kW/cm2
and the scattering rate is ∼ 2.8 kHz.
Intensities of this order require the high UV powers
available from ultrafast pulse trains. A possible scenario
might involve doubling a mode-locked Ti:S pulse train
twice. The near unit doubling efficiencies from IR to UV
[27, 28] enable generation of ∼ 1 W of power at 243 nm.
Coupling this light into a resonant enhancement cavity
with a buildup factor of ∼ 30 [31, 32] could achieve
a scattering rate of a few kHz over a beam diameter
∼ 300 µm. While this scheme is clearly less efficient
than laser cooling of alkali atoms, it is competitive with
other methods for laser-cooling H. Currently only ∼ 20
mW of CW 243 nm light is usually generated [30, 31], so
the scattering rate drops to ∼ 1 Hz for CW two-photon
cooling. Pulsed two-photon cooling compares well to
cooling on the 121 nm 1S – 2P transition owing to the
technical difficulties of generating 121 nm light. The first
121 nm sources were developed over 20 years ago [33],
but the highest CW power reported is still only 20 nW
[26]. The scattering rate for pulsed two-photon cooling
is approximately equal to that for 121 nm cooling, given
∼ 300 µm beam diameters in both cases.
The use of pulsed lasers simplifies laser cooling of
atoms with multiple valence electrons. Because these
atoms typically have many low-lying metastable states,
they are optically pumped into a dark state by the
cooling light unless all metastable states are excited si-
multaneously. Efficient cooling requires velocity-selective
excitation of all transitions, so a narrowband radiation
source must address each transition. This task is difficult
for CW lasers, but a single pulsed laser is sufficient.
The octave-spanning laser oscillators currently available
[34] can easily cover the entire spectral range needed for
excitation of all transitions. Although the transitions
are spaced more or less randomly with respect to the
comb of frequencies generated by the pulse train, the
gaps between transition and laser frequencies are smaller
than the repetition rate and can easily be spanned
by an electro-optic modulator driven at MHz to GHz
frequencies.
Such an RF-modulated pulse train might be used for
laser cooling of carbon. In carbon, the wavelengths of
the lowest dipole-allowed transitions lie blue of 170 nm,
so one-photon cooling is no easier than for hydrogen.
There are six states in the ground 2s2 2p2 electronic
configuration, all having radiative lifetimes > 1 s and
spanning the energy range −90820 to −69172 cm−1
(taking the ionization limit as 0 cm−1). One-photon
cooling thus would require six vacuum UV lasers, a
formidable technical challenge. However, carbon has
many two-photon transitions out of the ground-state
manifold that can be excited with light in the 200 –
300 nm range [35]. Second-order perturbation theory
suggests transition rates of 10−3 to 10−5 I2 HzW−2 cm4,
orders of magnitude higher than for hydrogen 1S –
2S. If high-lying excited states, within 10000 cm−1 of
ionization, are chosen, excited-state photoionization can
also be orders of magnitude smaller than for hydrogen
1S – 2S [36]. On the other hand, the recoil velocity and
radiative lifetime both decrease an order of magnitude.
Because six transitions must be driven, the power
available to drive each transition decreases a factor of
six, while resonant enhancement of cooling power be-
comes impractical. These advantages and disadvantages
4roughly balance for realistic parameter values, so laser
cooling of carbon from few K to few mK temperatures
appears feasible.
The cases of hydrogen and carbon suggest that pulsed
two-photon excitation can efficiently cool a variety
of atomic species to mK temperatures if the atoms
are precooled to a few K. A variety of atomic and
molecular gases have been cooled to these temperatures
by thermalization with helium buffer gas [37]. To obtain
monatomic gases of refractory elements like carbon,
one typically uses a hollow cathode discharge beam [38]
which operates at high temperature. Buffer-gas cooling
of such a beam, along the lines of [39], might provide a
quite general precooling method for subsequent pulsed
two-photon cooling.
Pulsed two-photon excitation might also be useful in
the laser cooling of molecules. The tens or hundreds of
metastable levels in a typical diatomic molecule must
all be excited for scattering to take place. To keep
these transitions resolved, the repetition rate of the
laser must become very high and the power available for
each transition becomes small. Although cooling with a
RF-modulated wideband pulse train becomes ineffective
in this case, a relatively narrowband picosecond pulse
train can generate Raman sidebands from Doppler-free
transitions in a molecular vapor, which can address the
molecular vibrational levels independently for efficient
cooling [40].
We have presented a new method of laser cooling
based on two-photon excitation with ultrafast pulse
trains. Pulse trains can provide the velocity selection
necessary for laser cooling, and pulsed light excites
two-photon transitions as efficiently as CW laser light
of the same average intensity. Frequency conversion
is more efficient for ultrafast pulses, giving them an
advantage for two-photon laser cooling of atoms whose
lowest transitions lie in the vacuum UV, such as H and
H . It also seems possible to cool multielectron atoms,
for instance carbon, by modulating a single pulse train
at radio frequencies. In combination with buffer-gas
precooling [37, 39], this method offers the chance to
produce mK samples of a variety of new atomic species.
The application of similar techniques to laser cooling of
molecules remains a question for future work.
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